The subfamily Paramyxovirinae of the family Paramyxoviridae contains three genera, Respirovirus, Rubulavirus, and Morbillivirus (9, 31, 40). Two kinds of glycoproteins, hemagglutinin-neuraminidase (HN) and fusion (F) protein, are inserted in the viral envelope of the members of the genera Respirovirus and Rubulavirus. The HN protein is responsible for binding to sialic acid-containing cellular molecules and for enzymatic cleavage of the sialoconjugate, while the F protein is involved in envelope-to-cell and cell-to-cell fusion (cell fusion) (9, 31).
The subfamily Paramyxovirinae of the family Paramyxoviridae contains three genera, Respirovirus, Rubulavirus, and Morbillivirus (9, 31, 40) . Two kinds of glycoproteins, hemagglutinin-neuraminidase (HN) and fusion (F) protein, are inserted in the viral envelope of the members of the genera Respirovirus and Rubulavirus. The HN protein is responsible for binding to sialic acid-containing cellular molecules and for enzymatic cleavage of the sialoconjugate, while the F protein is involved in envelope-to-cell and cell-to-cell fusion (cell fusion) (9, 31) .
The F protein is activated from a precursor (F0) when cleaved by cellular protease(s) and forms a disulfide-bonded subunit structure consisting of F1 and F2, which is a prerequisite for the fusion process (22, 42) . The well-conserved hydrophobic domain (fusion peptide) at the amino terminus of F1 is exposed by the cleavage (25, 29) and is considered likely to be directly involved in the fusion event (17, 37) . The cleavage also results in a conformational change of the F protein (13, 25, 29, 54) . Three heptad repeat (HR) domains are found in the F1 ectodomain (6, 18) . The HR1 domain is immediately next to the carboxyl terminus of the fusion peptide, while the HR2 domain is close to the transmembrane domain. The HR3 domain is located between the FR1 and HR2 domains (18) and is followed by a highly conserved stretch of eight cysteine residues (the cysteine-rich domain) (6) . Crystallographic analyses have shown that polypeptide fragments representing the HR1 domain of the F protein of simian virus 5 (SV5) or human respiratory syncytial virus can form a trimeric coiled-coil structure, to which three antiparallel helices of the polypeptide fragments representing the HR2 domain can bind (1, 33, 60) . On the other hand, an electron microscopic study of purified human respiratory syncytial virus F protein has indicated that the lollipop-shaped rod observed in the purified F protein possibly represents the "postfusion" conformation and harbors the antiparallel trimeric coiled-coil structure in the stem region (5) , which is consistent with the conclusion drawn from the crystallographic study (60) . The antiparallel trimeric coiledcoil structures of the F proteins are similar to the core structures reported for Ebola virus GP2 (56) , human immunodeficiency virus gp41 (7, 57) , and simian immunodeficiency virus gp41 (4) . Since all the antiparallel trimeric coiled-coil structures found in the above viral proteins resemble to the core structure of influenza virus HA2 in postfusion conformation that is formed at low pH (3), they may represent the final and most stable core structures of the proteins, which are formed either during or after membrane fusion. However, the native structures of these proteins, except for HA2, have not definitely been clarified as yet, leaving a possibility that their antiparallel coiled-coil structures are already present in their native state, as supposed by Caffrey et al. (4) . Importantly, in this context, there is evidence indicating that the antiparallel trimeric coiled-coil structure is not present in the uncleaved precursor of SV5 F protein (13) .
Although the F protein seems to play a pivotal role in the fusion event, the fusion-promoting function of the HN protein is considered indispensable for most of the F proteins (2, 15, 16, 21, 26, 34, 36, 41, 47, 51) . In support of this idea, it has been demonstrated that homotypic HN and F proteins are physically associated with each other in the virus-infected cells or in the plasmid-transfected cells (11, 44, 58) . Furthermore, analyses using chimeric proteins have indicated that the HN-F interaction may take place between the stalk region of the HN protein (10, 12, 46, 51) and the middle region (including the HR3 domain and part of the cysteine-rich domain) of F1 (50) . However, the mechanism by which the HN protein promotes the fusing function of the F protein and triggers the conformational change of the F protein is still unclear.
As the first step in solving this problem and elucidating the molecular basis of the fusion process of paramyxoviruses, it seems necessary to clarify precise structural aspects of the F protein before it undergoes conformational changes that lead to fusion. In this context, the requirement of the HN protein for fusion is a disadvantage of the paramyxovirus F proteins. It is therefore important to note the exceptional fact that the F protein of SV5 strain W3A mediates cell fusion in the absence of the HN protein (24, 38) . By using a plasmid expression system in BHK cells, we have confirmed that the W3A F protein exhibits a remarkable fusing activity when expressed alone (27) . In contrast, the F protein of another SV5 strain, WR, required coexpression of the HN protein (WR HN protein or mumps virus [MuV] HN protein) to induce cell fusion. By mutational analysis of the three amino acids that were not conserved between the F proteins of the W3A and WR viruses, a critical amino acid (Pro-22) was identified in the W3A F2 (27) . Accordingly, a mutant F protein L22P in which a leucine residue at position 22 of the WR F protein was replaced with proline induced cell fusion when expressed alone. However, it is not known how Pro-22 contributes to the HN-independent fusion activity, and there are at least two possibilities. One possibility is that Pro-22 is directly involved in the interaction of the F protein with its putative receptor on the target membrane, which triggers the conformational change in the F protein, leading to fusion. The other possibility is that the presence of Pro-22 somehow destabilizes the F protein so that it can easily undergo a conformational change on contact with the target membrane or on docking with the putative receptor as suggested (30) . If the latter is the case, there could be some difference in the native conformation between L22P and its parental WR F protein, which has Leu-22 instead.
In the present study, we prepared monoclonal antibodies directed against L22P and used them to probe differences between L22P and the WR F protein. Consequently, the antibodies revealed a striking difference in conformation between the native structures of L22P and the WR F protein on the cell surface.
MATERIALS AND METHODS

Cells.
Human cervical carcinoma-derived HeLa cells, mouse L929 cells, and baby hamster kidney-derived BHK cells were maintained in Eagle's minimum essential medium (MEM) supplemented with 5% calf serum.
Rabbit antisera. Antipeptide rabbit serum, ␣-5F2, specific for the carboxylterminal sequence (KLLQPIGENLETIRNQLIPT) of the WR F2 subunit, was prepared by Saw ady Technology (Tokyo, Japan) as described previously (28) . Anti-SV5 rabbit serum was purchased from Denka Institute of Biological Science (Niigata, Japan). Recombinant plasmids. As described previously (27, 51) , the cDNA encoding the WR F protein, L22P, the SV41 F protein, or SV41 HN was cloned in the plasmid expression vector pcDL-SR␣296 (SR␣), in which the gene expression is under control of the SV40 early promoter and/or R-U5 sequence of the human T-cell leukemia virus type 1 long terminal repeat. The SR␣ plasmid was a generous gift from Yutaka Takebe (National Institute of Infectious Diseases, Tokyo, Japan). The recombinant SR␣ plasmid encoding MuV HN (47) was kindly donated by Akio Yamada and Kiyoshi Tanabayashi (National Institute of Infectious Diseases).
To create chimeric recombinant plasmids, six restriction sites (HindIII, BbeI, HindIII, SacII, SplI, and VspI) were introduced into both or either of the recombinant SR␣ plasmids encoding L22P or SV41 F protein by site-directed mutagenesis as described below. The chimeric structures of the resulting recombinant plasmids were confirmed by direct nucleotide sequencing using an ABI PRISM 310 genetic analyzer (Applied Biosystems Division, Perkin-Elmer, Foster City, Calif.).
Site-directed mutagenesis. Introduction of mutation-generating synthetic oligonucleotides into the target recombinant plasmid was performed by using the U.S.E. Mutagenesis Kit (Amersham Pharmacia Biotech AB, Uppsala, Sweden) as specified by the manufacturer, as described previously (28, 50) .
Transient expression of F proteins. Cells were seeded at 5 ϫ 10 5 cells/well in six-well culture plates (Costar, Cambridge, Mass.) and incubated at 37°C for 24 h in MEM supplemented with 10% fetal calf serum. Each recombinant plasmid (2 or 4 g/well) was then added to the cells by the calcium phosphate method (20) . After 2 h of incubation at 37°C, the cells were treated with 15% glycerol in HEPES-buffered saline (50 mM HEPES, 0.75 mM sodium phosphate, 140 mM NaCl) at room temperature (RT) for 3 min, and incubated in MEM plus 10% fetal calf serum (FCS) for 24 h unless otherwise specified.
Establishment of an L929 cell line stably expressing L22P. Subconfluent L929 cells grown in a 100-mm dish was cotransfected with plasmid pKan2 (5 g) and the recombinant plasmid (20 g) encoding L22P by using Lipofectin (GIBCO BRL, Grand Island, N.Y.) as specified by the manufacturer. After incubation at 37°C for 8 h, the medium was replaced with MEM containing 10% calf serum. Then, after incubation for 2 days, the cells were suspended in MEM containing 10% FCS, 1 mg of Geneticin (GIBCO BRL) per ml, and 0.2% agarose and were cultured in the soft agar for 3 weeks. Expression of the F protein on the cells was detected by immunofluorescence microscopy (described below) with anti-SV5 antiserum after fixation with 3.7% formaldehyde. Plasmid pKan2, which contains the G418 (Geneticin) resistance gene and promoters identical to those of SR␣, was kindly provided by Yutaka Takebe. An L929 cell line expressing L22P was established and designated L-L22P.
MAbs. To obtain hybridoma cell lines producing anti-L22P monoclonal antibodies (MAbs), a C3H/He mouse was immunized with the L-L22P cells. Prior to immunization, the L-L22P cells were treated with 50 g of mitomycin C (Sigma Aldrich, St. Louis, Mo.) per ml in phosphate-buffered saline (pH 7.4) (PBS) at 37°C for 3 h and washed with MEM. Spleen cells of the immunized mouse were fused with SP2/O-Ag14 myeloma cells as described previously (53) . Culture fluids of the resulting hybridoma cells were screened by using 3.7% formaldehyde-fixed L-L22P cells and L929 cells (as a negative control) in enzyme-linked immunosorbent assay and in indirect immunofluorescence microscopy (described below). Consequently, 16 hybridoma clones that produced anti-L22P MAbs were obtained, of which we used two representative clones, MAb 6-7 (isotype immunoglobulin G2a [IgG2a]) and MAb 21-1 (IgG2a), in the present study. MAb 108S1 (IgG2a), which is specific for human parainfluenza virus type 2 HN (52), was used as the isotype-matched control. The MAb specific for the human lysosomal protein Lamp-1 was from American Research Products (Belmont, Mass.) and was of the IgG1 isotype. The MAb specific for SV41 F (MAb 31A-2) was reported previously (49) .
Indirect-immunofluorescence microscopy. HeLa cells cultured on glass coverslips in six-well culture plates were transfected with 2 g of recombinant plasmid per well. After incubation at 37°C for 24 h, the cells were fixed with 3.7 or 0.37% formaldehyde in PBS at RT for 1 h and washed three times with PBS. In some experiments, the fixed cells were permeabilized with 0.1% Triton X-100 in PBS at RT for 1 h. For immunofluorescent staining, the fixed cells were treated successively with MAbs (undiluted culture fluids of hybridoma cells) at RT for 1 h and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulins (diluted 1:100 with PBS) (Cappel, Cochranville, Pa.) at RT for 1 h. Otherwise, the cells were treated successively with anti-F2 peptide rabbit serum (␣-5F2, diluted 1:100 with PBS) and FITC-conjugated goat anti-rabbit immunoglobulins (1:800) (Cappel). The results were observed by using a fluorescence microscope (Olympus, Tokyo, Japan).
Flow cytometry. The amount of F proteins on the cell surface was measured by flow cytometric analysis as described previously (28, 45) . Briefly, HeLa cells grown in six-well culture plates were transfected with 4 g of recombinant plasmid encoding each F protein per well. After 24 h of incubation at 37°C, the cells were suspended in 0.02% EDTA in PBS. They were then immunostained either with MAbs (undiluted culture fluid) and FITC-conjugated goat antimouse immunoglobulins (1:100) or with anti-SV5 rabbit serum (1:100) and FITC-conjugated goat anti-rabbit immunoglobulins (1:800). The mean fluorescence intensity (MFI) of 2 ϫ 10 4 cells was measured on a FACScan instrument (Becton Dickinson). For each antibody, the MFI given by the cells transfected with F protein-encoding plasmid was expressed after subtracting that given by the control cells transfected with SR␣ plasmid. In some experiments, prior to immunostaining, the cell suspensions were fixed with 0.37 or 3.7% formaldehyde and washed with PBS. Aliquots of the 0.37% formaldehyde-fixed cells in PBS were heated at 47°C for 5 min in a water bath.
Confocal laser microscopy. HeLa cells grown on coverslips in a six-well culture plate were transfected with 2 g of plasmid encoding WR F protein per well, fixed with 3.7% formaldehyde at 24 h posttransfection, and permeabilized with 0.1% Triton X-100. The cells were then successively treated with MAb 21-1 (IgG2a), FITC-conjugated rat anti-mouse IgG2a (Zymed Laboratories, San Francisco, Calif.), anti-Lamp-1 MAb (IgG1), and tetramethylrhodamine-5-isothiocyanate (TRITC)-conjugated goat anti-mouse IgG1 (Southern Biotechnology Associates, Birmingham, Ala). The results were observed by using a confocal laser microscope (Carl Zeiss, Jena, Germany).
Denaturation of the F protein on the cell surface. HeLa cells grown on coverslips were transfected with the WR F-encoding plasmid (2 g/well), and after incubation for 24 h the cells were fixed with 0.37% formaldehyde in PBS (pH.7.4) at RT for 1 h. Heat denaturation (ranging from 37 to 70°C) of the fixed cells was carried out for 5 min by putting the coverslips into PBS in a glass beaker placed in a water bath. To obtain temperatures from 80 to 120°C, the coverslips were put into PBS in a glass dish and autoclaved at the indicated temperatures for 5 min. Chemical denaturation of the fixed cells with methanol or urea (6 M urea, 85 mM HEPES-NaOH, 85 mM KCl, 58 mM MgCl 2 [pH 7.4]) was performed at RT for 30 min. The fixed cells were treated with cathepsin (5 or 50 nM) at 28°C for 6 h by using cathepsin G (Elastin Products, Owensville, Mo.) or cathepsin H (Calbiochem, La Jolla, Calif.) in potassium phosphate buffer (pH. 5.0) supplememted with 2.5 mM EDTA and 2.5 mM dithiothreitol. Acid treatment of unfixed cells was performed by using 50 mM citrate-buffered saline (pH 5.0 to 7.4) at 37°C for 30 min, and the cells were then fixed with 3.7% formaldehyde. After each denaturing treatment, the cells were subjected to indirect immunofluorescence microscopy as described above without permeabilization with Triton X-100.
Radioimmunoprecipitation. HeLa cells grown in six-well culture plates were transfected with recombinant plasmid (4 g/well), incubated at 37°C for 20 h in MEM containing 10% FCS, and washed once with methionine-and cystinedepleted Dulbecco's modified MEM (DMEM) (GIBCO BRL). After incubation in the fresh methionine-and cystine-depleted DMEM for 1 h, the cells were labeled with 500 Ci of Pro-mix L-[
35 S] in vitro cell-labeling mix (Amersham Pharmacia Biotech Japan, Tokyo, Japan) per ml in the methionine-and cystinedepleted DMEM for 3 h, washed with chilled PBS, and lysed on ice for 15 min with lysis buffer (1% Triton X-100, 137 mM NaCl, 3 mM ␤-glycerophosphate, 3 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 25 mM HEPES [pH 7.6]). The cell lysates were clarified by centrifugation (13,000 ϫ g for 5 min), and the radiolabeled proteins in the cell lysates were immunoprecipitated by anti-SV5 rabbit serum (diluted 1:20 with PBS) or MAbs (undiluted culture fluids of hybridoma cells) and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described previously (52) . In some experiments, the transfected cells were labeled for 30 min and chased in chase medium (MEM supplemented with 5% calf serum, 5 mM methionine, and 5 mM cysteine) for 2 h in the presence or absence of 5 g of acetylated trypsin per ml.
RESULTS
Fusion activity of L22P in different cell lines.
We have previously reported that the mutant L22P was able to induce HN-independent cell fusion in BHK cells while its parental WR F protein was not (27) . L22P was also capable of inducing cell fusion in HeLa cells but not in L929 cells (data not shown).
However, in L929 cells, L22P was expressed inefficiently and induced very weak cell fusion even when coexpressed with mumps virus (MuV) HN protein (data not shown). Therefore, we could not fully exclude the possibility that the apparent resistance of L929 cells to the fusion activity of L22P was simply due to the low expression level. Nonetheless, this observation led us to establish an L929 cell line, L-L22P, which stably expressed L22P. The L-L22P cells were free of syncytial cells, whereas L22P was efficiently expressed on the cell surface and cleaved into F1 and F2 (data not shown). Interestingly, prominent cell fusion could be induced when the cells were transfected with MuV HN-encoding plasmid or cocultivated with BHK cells (data not shown). Therefore, the L22P on the L-L22P cell surface was biologically active and able to undergo conformational changes that lead to cell fusion when triggered by coexpressed HN or by a putative host cell factor (s) on the cocultured BHK cell membrane. However, it is still an open question why L22P does not mediate cell fusion by itself in L929 cells.
Difference in antigenicity between L22P and WR F protein on the cell surface. By immunizing a C3H/He mouse with the L-L22P cells, we obtained 16 hybridoma clones which secreted MAbs directed against L22P. As shown in Fig. 1A , the representative MAbs, 6-7 and 21-1, similarly immunoprecipitated L22P, which was recombinantly expressed and cleaved into F1 and F2 in HeLa cells. Accordingly, flow cytometric analysis demonstrated that MAbs 6-7 and 21-1 were equally reactive with native L22P expressed on the HeLa cell surface (Table 1) . However, both the MAbs were poorly reactive with surfacelocalized native WR F protein, whose expression level was comparable to that of L22P as measured by anti-SV5 rabbit serum. These observations indicate that there is a difference in antigenicity between the native L22P and WR F protein on the cell surface. The low reactivity of the MAbs with the WR F protein could be explained by the single amino acid difference at position 22 between the WR F protein and L22P. However, it seemed unlikely that the epitopes for the MAbs were not present in the WR F protein, since both MAbs had the ability to immunoprecipitate detergent-solubilized WR F protein (data not shown). Together, these observations led us to hypothesize that the epitopes for the MAbs are cryptic in the surface-localized native WR F protein.
Difference in antigenicity between L22P and the WR F protein is independent of cleavage. As described above, L22P was able to induce cell fusion in HeLa cells by itself. Therefore, to analyze possible differences in native conformation between the fusogenic mutant L22P and its parental nonfusogenic WR F protein, it seemed necessary to compare the conformations of the F proteins before cleavage activation. Thus, we created mutant F proteins, Se-L22P and Se-WRF, so that the cleavage site of L22P and the WR F protein should be replaced with that of Sendai virus F protein (Fig. 1C) . Sendai virus F protein is known to remain uncleaved in most culture cells unless treated with trypsin (22, 23) . Accordingly, neither of the mutants was cleaved in HeLa cells in the absence of exogenously added acetylated trypsin (Fig. 1B) . Furthermore, Se-L22P was able to mediate extensive cell fusion in HeLa cells by itself only when treated with acetylated trypsin, while Se-WRF was not (data not shown). As shown in Fig. 1B , MAb 6-7 could immunoprecipitate Se-WRF as effieiently as it immunoprecipitated Se-L22P, indicating that the MAb epitope was present in both the mutant F proteins. Intriguingly, MAb 6-7 seemed to immunoprecipitate the cleaved form of Se-WRF or Se-L22P more efficiently than it immunoprecipitated the uncleaved form, while anti-SV5 serum did not clearly show this tendency. On the other hand, in the presence of acetylated trypsin, unidentified proteins of 36 kDa and those that migrated slightly faster than F2 were coprecipitated with Se-L22P either by MAb 6-7 or by anti-SV5 rabbit serum but were not coprecipitated with Se-WRF (Fig. 1B) . These unidentified proteins were also coprecipitated with L22P (Fig. 1A) but not with the WR F protein (data not shown). Therefore, Pro-22 in L22P or in Se-L22P seemed to be involved in the appearance of these unidentified proteins. Further characterization of these proteins is under way in our laboratory.
These results demonstrate that Se-L22P and Se-WRF are not cleaved unless they are treated with acetylated trypsin and that MAb 6-7 can immunoprecipitate either of the proteins. Then, flow cytometric analysis of Se-L22P and Se-WRF was performed, in which the F protein-expressing cells were not treated with acetylated trypsin. As shown in Table 1 , MAbs 6-7 and 21-1 only poorly recognized Se-WRF on the cell surface, while they reacted with Se-L22P even more efficiently than with L22P. These observations indicate that the epitopes for MAbs 6-7 and 21-1 are cryptic in the native WR F protein on the cell surface irrespective of whether it is cleaved into F1 and 35 S] in vitro cell-labeling mix per ml for 3 h. The cells were then lysed with the lysis buffer as described in Materials and Methods. Aliquots of the cell lysates were subjected to immunoprecipitation with MAb 6-7 or 21-1, and the precipitates were analyzed by SDS-PAGE (13% polyacrylamide) under reducing conditions. MAb 108S1 is the isotype-matched negative control that is specific for parainfluenza virus type 2 HN. The 36-kDa band is an unidentified protein that was coprecipitated with L22P either by MAb 6-7 or by MAb 21-1. Asterisks indicate uncharacterized populations that migrate slightly faster than does L22P subunit F2. (B) Immunoprecipitation of Se-L22P and Se-WRF transiently expressed in HeLa cells. Cells grown in a six-well culture plate were transfected with 4 g of recombinant plasmid encoding Se-L22P or Se-WRF per well. After 21 h of incubation, the cells were starved for 1 h in methionine-and cystine-depleted DMEM. Then the cells were labeled with 500 Ci of Pro-mix L-[
35 S] in vitro cell-labeling mix per ml for 30 min and chased for 2 h in the presence (ϩ) or absence (Ϫ) of 5 g of acetylated trypsin (A.T.) per ml. The cell lysates were subjected to immunoprecipitation with MAb 6-7 or anti-SV5 rabbit serum, and the precipitates were analyzed by SDS-PAGE (13% polyacrylamide gel) under reducing conditions. The 36-kDa band is an unidentified protein that was coprecipitated with Se-L22P by MAb 6-7 or by anti-SV5 rabbit serum from the cell extract that was prepared after treatment with acetylated trypsin. Asterisks indicate uncharacterized populations that migrate slightly faster than does Se-L22P subunit F2. (C) Strategy for construction of the mutants Se-L22P and Se-WRF. Se-L22P and Se-WRF were created by site-directed mutagenesis so that the cleavage site preceding F1 was replaced with the counterpart of Sendai virus (Fushimi strain) F protein (GenBank accession number D00152). The cleavage site (five arginine residues) in the parent L22P or WR F proteins, and the corresponding sequences in the mutants and Sendai virus F protein are boxed.
F2. It also seems important to note that the epitopes for MAbs 6-7 and 21-1 are already exposed on L22P before cleavage activation.
Effect of formaldehyde fixation on the MAb epitopes. Next, to further investigate the antigenic difference between the WR F protein and L22P, we performed immunofluorescence microscopy by using unfixed HeLa cell monolayers. Briefly, after 24 h of transfection, HeLa cell monolayers on glass coverslips were treated with the MAbs. The cells were then fixed with 3.7% formaldehyde and treated with FITC-conjugated secondary antibody. The results indicated that MAbs 6-7 and 21-1 immunostained surface-localized WR F protein only faintly or not at all, respectively, while they clearly immunostained surface-localized L22P (data not shown). These observations are fairly consistent with the data obtained from flow cytometry (Table 1) . To our surprise, however, when the transfected HeLa cell monolayers were first fixed with 3.7% formaldehyde and then treated with antibodies, MAb 6-7 clearly immunostained surface-localized WR F protein while MAb 21-1 failed to do so (data not shown). Therefore, this observation was quantitatively confirmed by flow cytometry in which the cells were fixed with 3.7% formaldehyde before being immunostained (Table 2) : the reactivity of MAb 6-7 with the WR F protein became considerably elevated (MFI, 389) while that of MAb 21-1 increased only marginally (MFI, 43). It was also revealed that the reactivity of both MAbs with L22P also increased significantly after fixation with 3.7% formaldehyde.
These results suggest that the MAb 6-7 epitope, which is cryptic in the surface-localized native WR F protein, can be exposed to some extent by denaturation with 3.7% formaldehyde.
The MAb 21-1 epitope in the WR F protein is exposed in the lysosome. On the other hand, the MAb 21-1 epitope in the surface-localized WR F protein could not be detected even when the cells were fixed with 3.7% formaldehyde as described above. However, when the WR F-expressing HeLa cell monolayers were permeabilized after 3.7% formaldehyde fixation and then immunostained with MAb 21-1, weak but significant fluorescence was observed at the perinuclear region by fluorescence microscopy (data not shown). The WR F molecules, which were detected at the perinuclear region by MAb 21-1, were shown to colocalize with the lysosomal membrane protein Lamp-1 by confocal laser microscopy (data not shown). Since there is evidence showing that SV5 F protein does not undergo clathrin-mediated endocytosis in infected CV-1 cells (32), we assume that the recombinantly expressed WR F protein is sorted to the lysosome either from the cell surface by bulkphase endocytosis or from the trans-Golgi network during transportation process. In any case, the MAb 21-1 epitope is exposed in the lysosome, whereas it is cryptic in the surfacelocalized WR F protein regardless of fixation.
Effect of denaturation on the antigenicity of the WR F protein. As described so far, MAb 21-1 did not react with the surface-localized WR F molecules but recognized those in the lysosome, indicating that the MAb 21-1 epitope in the WR F protein may be exposed as a result of degradation in the lysosome. Therefore, several attempts to mimic the environment in the lysosome were made in order to expose the MAb 21-1 epitope that might be cryptic in the surface-localized WR F protein. First, HeLa cells expressing the WR F protein were treated with acid (pH 5.0 to 6.0), but this treatment did not expose the MAb 21-1 epitope (data not shown). Second, the WR F-expressing cells were mildly fixed with 0.37% formaldehyde and treated with the lysosomal proteases (cathepsin G or H) at pH 5.0, but these procedures again did not expose the MAb 21-1 epitope (data not shown). As shown in Fig. 2 , when the WR F-expressing HeLa cells were mildly fixed with 0.37% formaldehyde and not permeabilized, MAb 21-1 did not show even faint fluorescence, consistent with the data from flow cytometry (Table 2) . Third, the WR F-expressing cells, were denatured by chemical treatment with urea or methanol after fixation with 0.37% formaldehyde, but neither treatment exposed the MAb 21-1 epitope in the surface-localized WR F protein (Fig. 2) . Lastly, when the WR F-expressing cells were heated at 47°C for 5 min after fixation with 0.37% formaldehyde, the MAb 21-1 epitope was clearly exposed on the surface-localized WR F protein (Fig. 2) .
Therefore, this observation was certified quantitatively by flow cytometric analysis ( Table 2 ). The reactivity of MAbs 21-1 and 6-7 with the WR F protein increased very significantly when the 0.37% formaldehyde-fixed cells were heated at 47°C for 5 min, while it was undetectable when the cells were merely fixed with 0.37% formaldehyde. The reactivity of MAbs with L22P was also elevated by heating the 0.37% formaldehydefixed cells, but the level did not exceed that when the cells were fixed with 3.7% formaldehyde. Intriguingly, the reactivity of anti-SV5 antiserum with the WR F protein was more strongly elevated by heating than was the reactivity with L22P.
These results thus indicate that when the F proteins are heated at 47°C after 0.37% formaldehyde fixation, the reactiv- a Prior to immunostaining and flow cytometry, transfected HeLa cells were suspended with EDTA-PBS and fixed with 3.7% formaldehyde (3.7% F) or with 0.37% formaldehyde (0.37% F). Aliquots of the 0.37% formaldehyde-fixed cells were heated at 47°C for 5 min in PBS (3.7% F ϩ 47°C). For each antibody, the mean fluorescence intensity of 2 ϫ 10 4 cells, which were transfected with the F protein-encoding recombinant plasmid, was expressed after subtracting that of control cells transfected with SR␣ plasmid. ity of MAbs 6-7 and 21-1 with the WR F protein becomes indistinguishable from their reactivity with L22P. It should be pointed out that the MAb 21-1 epitope was also clearly exposed when the WR F protein-expressing cells were heated at 47°C without formaldehyde fixation but was not exposed efficiently when the cells were fixed with 3.7% formaldehyde before being heated (data not shown). The MAb 21-1 epitope in the WR F protein was also exposed when the 0.37% formaldehyde-fixed cells were heated at 50, 70, or 90°C but was not exposed at 37 or 42°C (data not shown). Importantly, the MAb 21-1 epitope in the WR F protein was undetectable when the 0.37% formaldehyde-fixed cells were heated at 100°C (Fig. 2) . On the other hand, the epitope for ␣-5F2 rabbit serum was also cryptic in the surface-localized WR F protein when the cells were fixed with 0.37% formaldehyde, but it could be exposed either by the chemical treatments or by heating at 47°C (Fig.  2) . The epitope for ␣-5F2 antiserum was also detectable even when heated at 100°C (Fig. 2) or 120°C (data not shown), in accordance with the reactivity of the antiserum with the WR F protein in the Western blot (28) .
These results suggest that heating the cells at 47°C after 0.37% formaldehyde fixation mediates a conformational change in the WR F protein, resulting in maximal exposure of the epitopes for MAbs 21-1 and 6-7.
Epitope mapping for MAbs. As described so far, the epitopes for MAbs 21-1 and 6-7 were exposed on the surfacelocalized native L22P but not maximally. By contrast, both the epitopes were cryptic in the surface-localized native WR F protein. However, both the epitopes in the WR F protein became exposed as efficiently as those in L22P after heating at 47°C after 0.37% formaldehyde fixation. Furthermore, MAbs 6-7 and 21-1 were not able to recognize L22P or the WR F protein in the Western blot (data not shown) whereas the MAbs immunoprecipitated those that were solubilized with detergent. Therefore, it could be strongly suggested that the epitopes were conformation dependent and that Pro-22 at the amino terminus of L22P F2 was not simply the constituent. Therefore, to map the MAb epitopes on L22P, chimeric analyses were carried out by immunofluorescence microscopy, and the results obtained from eight chimeric proteins between L22P and SV41 F protein are summarized in Fig. 3 (representative immunofluorescent staining data are shown in Fig. 4.) As anticipated, the chimeric protein L22P-A, in which residues 1 to 47 (harboring the Pro-22) were derived from L22P and the remainder were derived from SV41 F protein, was not recognized by MAb 21-1 or by MAb 6-7. Instead, this chimera was recognized by the anti-SV41 F MAb, 31A-2 (Fig. 3) . On the other hand, MAb 21-1 reacted faintly with L22P-CDEFG (also shown in Fig. 4 ) and L22P-DEFG, suggesting that blocks D to G on the L22P F1 partly contained the MAb 21-1 epitope. The reactivity of MAb 21-1 with these chimeras, L22P-CDEFG and L22P-DEFG, could not be enhanced by heating at 47°C after fixation with 0.37% formaldehyde (data not shown). Interestingly, when we combined the L22P-derived blocks A and D to G, the resulting chimera, L22P-ADEFG, was clearly recognized by MAb 21-1 (Fig. 3) . Among blocks D to G, only block D was indispensable for the MAb 21-1 epitope, since the MAb reacted with L22P-ADE, L22P-ADFG, and L22P-AD but did not react with L22P-AFG (Fig. 3) . Thus, as represented by the chimera L22P-AD, a given chimeric protein that had two L22P-derived blocks, A (amino acids [aa] 1 to 47) and D (aa 227 to 320), were definitely recognized by MAb 21-1. Since the signal peptide (aa 1 to 19) at the F2 amino terminus should be absent from the mature L22P, the amino acids within the amino terminus (aa 20 to 47) of F2 and those within the middle (aa 227 to 320) of F1 seemed necessary to form the MAb 21-1 epitope. On the other hand, the epitope for MAb 6-7 was mapped to the amino acids in the middle of F1 (aa 227 to 320), because MAb 6-7 recognized the chimera L22P-DEFG as well as L22P-AD (Fig. 3) .
It seemed of interest that the chimera L22P-CDEFG, which had SV41 F-derived F2 and L22P-derived F1 (Fig. 3) , induced syncytium formation in HeLa cells in the absence of HN (data not shown), suggesting that the HN-independent fusion activity of L22P was intrinsically carried by the F1 subunit. Of the remaining seven chimeric proteins, only one (L22P-AFG) showed HN-dependent fusion activity, in which it induced cell fusion in HeLa cells when coexpressed with SV41 HN or with MuV HN but not with SV5 (W3A) HN (data not shown).
DISCUSSION
Our present study has shown that the epitopes for MAbs 6-7 and 21-1 are cryptic in the cell surface-localized native WR F protein. By contrast, they are exposed on the surface-localized native L22P. Importantly, both the epitopes are also exposed on the Se-L22P mutant, an uncleaved form of L22P, which does not induce cell fusion unless it is cleaved by acetylated trypsin. Therefore, the epitopes for MAbs 6-7 and 21-1 seem readily exposed on the surface-localized L22P before under- going conformational changes that lead to cell fusion. We have therefore concluded that there is a striking difference in the native (prefusion) conformation between nonfusogenic WR F protein and its fusogenic mutant, L22P. It should be stressed, however, that our present data do not exclude the possibility that the MAb epitopes may also be present in the postfusion conformation of L22P.
The epitopes for MAbs 6-7 and 21-1 in the WR F protein could be exposed by heating at 47°C as efficiently as could those in L22P ( Table 2 ), indicating that at this temperature the structure of the WR F protein might be similar to that of L22P. Interestingly, in this context, Paterson et al. (39) have reported that the WR F protein can induce membrane fusion between erythrocytes and CV1 cells at 53°C when it is coexpressed with (uncleaved) influenza virus hemagglutinin in CV1 cells in the recombinant vaccinia virus-T7 expression system. Therefore, the structure of the WR F protein at 47°C may include a conformation that it adopts during the course of inducing cell fusion. However, in our plasmid expression system using HeLa cells, the WR F protein could not induce cell fusion by itself even when heated at 47 or 53°C (our unpublished data). There is a reasonable possibility that this discrepancy reflects the difference in sensitivity between our cell fusion assay and that (lipid mixing and content mixing assays) of Paterson et al. (39) . Interestingly, the results obtained from immunoprecipitation analysis have demonstrated that MAbs 6-7 and 21-1 can precipitate the WR F protein as efficiently as they can immunoprecipitate L22P, indicating that the MAb epitopes can also be exposed on the WR F protein by detergent solubilization as well as on L22P. Alternatively, the conformation of the detergent-solubilized F protein seems not to be identical to the native conformation.
Recently, it has been demonstrated that there is difference in conformation between uncleaved and cleaved SV5F protein as studied by immunoprecipitation and flow cytometric analyses (13) . Although our immunoprecipitation analysis has indicated that MAb 6-7 reacts more efficiently with the cleaved form than with the uncleaved form (Fig. 1B) , the difference seems less clear than the reported data (13) . Furthermore, in the flow cytometric analysis, the MAb can react with the uncleaved form even better than with the cleaved form. Therefore, the discrepancy in the MAb 6-7 reactivity between our immunoprecipitation and flow cytometry analyses may reflect the difference in conformation between detergent-solubilized and native F proteins, as discussed above. Taking these results together, we conclude that MAb 6-7 cannot distinguish the reported difference found between cleaved and uncleaved forms of SV5F protein.
As indicated by the results of chimeric analysis, the epitopes for .7% formaldehyde at 24 h posttransfection and permeabilized with 0.1% Triton X-100. Then they were immunostained with MAbs followed by FITC-conjugated secondary antibody as described in Materials and Methods. Although the staining of L22P-CDEFG by MAb 21-1 was hardly detectable, a few cells exhibited weak but significant cytoplasmic fluorescence, which was regarded as being faint (f in Fig. 3) . Magnification, ϫ135.
D unless it is combined with block A (Fig. 3) , we cannot discriminate between the following two possibilities. (i) The MAb 21-1 epitope in L22P is composed solely of amino acids in block D but is somehow hidden by F2 when block A is replaced with that of SV41 F protein or the WR F protein.
(ii) The MAb 21-1 epitope in L22P is composed mainly of amino acids in block D but a few in the block A are also used; a proper distance between these blocks forms the MAb 21-1 epitope. Since MAb 21-1 can recognize the WR F protein as well as L22P after heat denaturation, it seems unlikely that Pro-22 itself is a constituent of the MAb 21-1 epitope. Taken together, it can be hypothesized that Leu-22 in the WR F protein somehow directs a tight association between the F1 and F2 subunits. As a result, steric hindrance of block D by F2 may occur or the distance between blocks A and D may become inadequate for formation of the MAb 21-1 epitope. Our present data thus suggest that the putative F1-F2 interaction in the WR F protein involves the amino-terminal region of F2 and the middle region of F1 that includes the HR3 domain. Interestingly, a topological interrelationship between F1 (HR1 domain or cysteine-rich region) and F2 (middle region) of the Newcastle disease virus F protein has been suggested by studies on neutralization escape mutants (35, 48, 55) or on temperature-sensitive mutants and the revertants (59) .
On the other hand, the poor reactivity of MAb 6-7 with the native WR F protein also seems to be due to its The intervening sequence between the HR1 and HR2 domains is very long and is a characteristic of the paramyxovirus F protein (1) . The F protein is predicted to undergo conformational changes during the fusion process: formation of the trimeric coiled-coil structure of HR1, insertion of the fusion peptide into the target membrane, and antiparallel association of the HR2 domain to the trimeric HR1 coiled coil, as illustrated by Baker et al. (1) . For this purpose, the long intervening sequence should undergo complex and sequential conformational changes at right time and at right place. For most paramyxoviruses except for SV5 strain W3A, it has been assumed that HN undergoes a conformational change on binding to cellular receptor, which then triggers a conformational change of the F protein via an HN-F interaction (30) . We hypothesize that the putative tight interaction between F2 and F1 stabilizes WR F1 and prevents it from undergoing conformational changes that lead to fusion until it is triggered by HN protein. This assumption is analogous to a model for human immunodeficiency virus gp41-mediated membrane fusion (8) in which the gp41 structure is stabilized by its interaction with gp120 in the native state. When gp120 binds to cell surface CD4 and a chemokine receptor, a conformational change occurs in gp120 that alters gp120-gp41 interactions, which then triggers gp41 to undergo its conformational changes that lead to fusion. For L22P, the putative interaction between F2 and F1 may be loose due to Pro-22, thus resulting in exposure or formation of the MAb 21-1 epitope. Moreover, the loose F1-F2 interaction may destabilize L22P, which thus easily undergoes conformational changes that lead to fusion by yet unidentified trigger(s). This view is consistent with the assumption of Paterson et al. that Pro-22 somehow destabilizes the W3A F protein and facilitates the HN-independent fusion activity (39) . Taking these results together, the destabilized structure of native L22P may represent an intermediate between the prefusion and postfusion conformations of a typical paramyxovirus F protein. This putative intermediate may well be formed transiently in the latter protein. Interestingly, another destabilizing amino acid, Pro-443, which is located immediately upstream of the HR2 domain has been identified in the WR F protein (and thus in L22P) (39) .
We have recently demonstrated by chimeric analysis of L22P and the SV5 (strain T1) F protein that 132-Glu in the HR1 domain is also responsible for the HN-independent fusion activity of L22P (28) . However, its role played in the HNindependent fusion activity is still unclear. On the other hand, mutational analysis of the Newcastle disease virus F protein has demonstrated that a mutant protein, whose Leu-289 in the HR3 domain is replaced with Ala, is able to mediate syncytium formation in the absence of HN (43) . In this context, our observation that Ala-290 in the HR3 domain of L22P contributes to the HN-independent fusion activity to some extent (28) is interesting. It is unclear how those amino acids in the HR3 domain contribute to the fusing activity, although a study of Sendai virus F protein has indicated that the peptide representing the HR3 domain can self-assemble or can coassemble with the HR1 or HR2 peptides (19) . Furthermore, the peptide representing the HR3 domain is known to inhibit Sendai virusmediated hemolysis (18) . However, the HR3 peptide of SV5 does not specifically interact with the HR1 peptide and is not considered a component in the final, most stable core of the F protein, the antiparallel trimeric coiled-coil structure (14) . Since the HR3 peptide of SV5 is prone to aggregate in solution (14) , the HR3 domain may participate in the stabilization of the oligomeric structure of the F protein in its native state, as supposed for Sendai virus (18) . If this is the case, the putative tight interaction of the F1 middle region (including HR3 domain) with F2, which has been assumed for native WR F protein, may also contribute to this kind of stabilization.
